Mice carrying an ovine 18-lactoglobulin (BLG) transgene secrete BLG protein into their milk. To explore transgene expression stability, we studied expression levels in three BLG transgenic mouse lines. Unexpectedly, two lines exhibited variable levels of transgene expression. Copy number within lines appeared to be stable and there was no evidence of transgene rearrangement. In the most variable line, BLG production levels were stable within individual mice in two successive lactations. Backcrossing demonstrated that genetic background did not contribute significantly to variable expression. Tissue in situ hybridization revealed mosaicism of transgene expression within individual mammary glands from the two variable lines; in low expressors, discrete patches of cells expressing the transgene were observed. Transgene protein concentrations in milk reflected the proportion of epithelial cells expressing BLG mRNA. Furthermore, chromosomal in situ hybridization revealed that transgene arrays in both lines are situated close to the centromere. We propose that mosaicism of transgene expression is a consequence of the chromosomal location and/or the nature of the primary transgene integration event.
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f3-Lactoglobulin (BLG) is a major ovine milk protein. The function of BLG is unknown, though the crystal structure of bovine BLG is consistent with a role in vitamin A transport (1) . We previously reported that mice carrying a sheep BLG transgene secrete BLG into their milk (2) ; BLG regulatory regions can direct expression of biomedical proteins into the milk of transgenic mice and sheep (3) (4) (5) . In this context, it is important that transgene expression is stable. Unstable transgene expression has been described previously; Palmiter et al. (6) reported that the level of herpes simplex virus thymidine kinase expression could vary by more than an order of magnitude among progeny of the same founder. Although other transgene insertions express to variable degrees within individual cell lines or transgenic mouse lines (refs. 7-19 ; M. Mehtali and R.L., unpublished data), there has been no common explanation for the instability of expression. Unstable expression may be due to strong selection against the transgene, for instance by the failure of sperm fertility engendered by testicular thymidine kinase expression (7, 8) or by the toxicity of high-level hepatic expression of plasminogen activator (9) . A transgene inserted into the X chromosome (10) or an X-autosome translocation (20) generates mosaic expression due to stochastic X chromosome inactivation. Silencing has also been observed when the transgene integrates into repeat sequence or satellite DNA (11, 12) , whereas different levels of transgene expression between animals of the same lineage have been attributed to strain-specific modifier genes (13) (14) (15) .
Mosaic patterns of expression were also observed in transgenic animals bearing intestinal fatty-acid binding protein fusion transgenes (16) . Here, mosaicism was attributed to a deficit of cis-acting elements in the transgene. Mosaic expression patterns were also observed in mice carrying different tyrosinase fusion transgenes (17) (18) (19) ; these reports suggested that the striated coat color was an inherent property of the transgene.
To address the stability of transgene expression, we examined three transgenic mouse lines harboring an intact BLG gene. In line 14, BLG expression levels were stable, whereas in lines 7 and 45, BLG levels varied significantly. We examine the nature of this variable expression and show that it reflects variegated patterns of transgene expression within the mammary gland. We demonstrate that variable expression is independent of genetic background and is a property of the transgene locus.
MATERIALS AND METHODS
Mice, Sampling, and Milk Protein Analysis. Transgenic lines 7, 14, and 45 (2) were maintained by systematic crossing to C57BL/6 x CBA F1 hybrid mice. Litters were standardized to five pups per mother at birth. Milk and tissue samples were collected from 6-to 8-week old transgenic mice (hemizygous for the transgene array) at day 11 of lactation. Backcross experiments used CBA and C57BL/6 mice (Harlan Olac, Bichester, U.K.). Transgenic mice were identified by a PCR assay (21) . Milk collection and SDS/20% PAGE analysis of milk proteins were performed as described (22 Proc. Natl. Acad. Sci. USA 93 (1996) respectively, were subcloned into pGEM-4Z in both orientations. dUTP[35S]-labeled single-stranded antisense probes and control sense probes were synthesized by in vitro transcription using standard procedures (25) . Mammary tissue was collected from hemizygous mice at day 11 of lactation and processed for in situ hybridization (26) .
Chromosome Fluorescence in Situ Hybridization (FISH). Lymphocyte cells from mouse spleens were cultured in RPMI 1640 medium with 10% fetal calf serum and 50 ,g/ml lipopolysaccharide, at a density of 1 X 107 cells/ml for 45 hr at 37°C. These cells were used for Giemsa banding and karyotyping of chromosomes (27) . Genomic ovine BLG clone pSSltgXS (2) was nick-translated with biotin-16-dUTP (28) and used to assign transgenes to specific metaphase chromosomes from hemizygous line 7, 14, and 45 mice using avidinfluorescein isothiocyanate (FITC) (29) . Digital images were obtained with a Bio-Rad confocal microscope. Double-color FISH used BLG and mouse major satellite DNA (30) probes (see Fig. 4 legend for details) and results were visualized as described (31) . (2) . Hemizygous transgenic female mice were mated, milk collected at day 11 of lactation, and BLG protein levels determined.
RESULTS
The ranges of BLG expression levels were different among the three lines ( Fig. 1 ). Line 14 expressed BLG in a stable fashion with only 3.5 mg/ml separating the lowest and the highest expressor. However, BLG levels in milk of line 45 animals ranged from 16 to 30 mg/ml, whereas in line 7 there was a 8-fold difference between the lowest and highest expressors (3 to 23.9 mg/ml). Table 1 shows the standard deviations (SDs) and coefficients of variation (c.v.) for BLG protein expression in the three lines. As expected, lines 7 and 45 had larger SD values than line 14. The c.v. for line 45 was similar to that of line 14, but this reflects its higher average expression level and also a possible upper limit to protein production. We conclude that the particular transgene insertion locus in line 7 determines variation in expression levels of BLG protein, for the identical transgene resulted in stable expression in line 14 animals.
To establish whether variation occurred at the steady-state mRNA level, quantitative Northern blot analyses using BLG and control (GAPDH) hybridization probes were performed. BLG mRNA levels were more variable in lactating gland from animals of lines 7 and 45 than in line 14 animals ( Table 1 ). The correlation coefficients for protein and RNA levels were 0.44, 0.54, and 0.54 for lines 14 (n = 9), 45 (n = 9) and 7 (Fig. 3 B, D, and F) . Sections from Z- (33) and transgenes (34) has been described in Drosophila and linked to proximity to the centromere. To determine the subchromosomal localization of the BLG transgenes, we applied in situ hybridization to chromosome spreads prepared from animals of different transgenic lines. G-banding and karyotyping in conjunction with FISH using a BLG probe demonstrated that the transgene arrays had integrated into chromosomes 15 (line 7), 7 (line 14), and 5 (line 45). Further, the BLG locus had integrated midarm in line 14 ( Fig. 4a) but was close to the centromere in lines 7 and 45. To refine the localization of the transgene array relative to the centromere, we used a BLG probe in conjunction with a major satellite (196) probe that predominantly decorates centromeric regions. In all line 7 spreads, the BLG locus was close to but out with the centromere (Fig. 4b) . A crude estimate from 56 chromatids indicated that the array lies within the 3.5% of the chromosome proximal to centromeric heterochromatin. In line 45 the resolution of the experiment made the array appear to be within major satellite DNA (Fig. 4c, chromosome arrow) . However, the transgene signal was observed as clearly separate from major satellite DNA in interphase nuclei where the chromosomes are decondensed (Fig. 4c, nucleus arrow) 
DISCUSSION
The introduction of transgenes to the mouse germline by pronuclear injection of DNA usually results in tandemly repeated and head-to-tail arrays at a single random site within the genome. Though the transgene insertion site can clearly have an influence upon tissue-specificity and level of expression, it has often been assumed that expression of the transgene, once integrated, is stable within a transgenic line. However, processes have been described, such as the "RIP" anisms may be similar, resulting in phenotypic differences that reflect the clonal origin of mosaic patches (phenoclones; ref. 40) .
The phenomenon of position-effect variegation in Drosophila affords an informative parallel. Chromosomal rearrangement that relocates an endogenous gene locus close to the centromere can result in silencing of the locus in a variable proportion of cells (33) . Silencing is attributed to chromosomal condensation or heterochromatinization brought about by proximity to the heterochromatic centromere. We argue that a similar process may occur in mouse. First, in both mouse lines exhibiting mosaic transgene expression, the array is integrated in the vicinity of the centromere, whereas in the stablyexpressing line the transgene is inserted some distance away. Second, gene variegation in Drosophila can extend over 50-60 polytene bands (1-2 megabases) from a rearrangement breakpoint (41) . While no precise measure can be provided, our estimates from FISH,chromosomal spreads suggest that the transgene insertion of line 7 is some 4-5 megabases from centromeric heterochromatin. This is broadly consistent with the situation found in Drosophila, particularly if relative genomes sizes are taken into account. Third, Dorer and Henikoff (34) recently reported that heterochromatinization in Drosophila is not only dependent upon proximity to the centromere but also on the number of repeats present at the transgene locus. We note that both lines displaying mosaic expression harbor some 20 transgene copies, whereas the stably expressing line 14 contains only two copies. Heterochromatic features of an unusually large (1100 kb) 13-globin transgene integrated into a peritelomeric region were reported recently (42) . Furthermore, Mehtali et al. (43) described increased extinction of transgene activity (as judged by reporter gene expression and DNA methylation measurements) with increased copy number. It is therefore plausible to suggest that both integration site and number of transgene copies may predispose to the mosaic expression phenotype; indeed, proximity to repetitive DNA per se (either centromeric satellite DNA or repeat transgene copies) could be responsible for variable expression.
Our studies provide the first evidence for variegated expression of a transgene between individuals within a single transgenic line. Such mosaic expression has implications for investigations using gene addition technology. Gene addition is now being tested as a means of causing tissue specific cell ablation in the treatment of brain tumors (44) , or in the study of the consequences of the loss of thyroid hormone production without surgery in mice (45) . Variegated expression in such experiments would prevent 100% ablation and therefore result in variable numbers of cells remaining. Similarly, genetic manipulation of animal organs for transplant purposes (46) might be prejudiced by unpredictable transgene expression. In biotechnological applications, such as the production of proteins of biomedical interest in the milk of transgenic livestock (3, 4) , mosaic expression will reduce the yield of product. Since this project was completed, other colleagues have reported variable expression within transgenic lines (B. Binas and T. Burdon, personal communication; S. Morley and J. J. Mullins, personal communication) suggesting that the phenomenon may not be uncommon. Particularly intriguing is the possibility that some endogenous genes within the mammalian genome, especially those close to heterochromatic regions [e.g., immunodeficiency, centromeric instability, facial anomalies (ICF) syndrome (47) ] or present as tandem duplications at a single locus, may be susceptible to the type of mosaic silencing we describe here.
